Introduction {#Sec1}
============

A common clinical problem for practicing infectious disease specialists and radiologists is differentiating active infection from other causes of inflammation. This problem is of critical importance because the treatments for infection and sterile inflammation are diametrically opposed, with antibiotics being indicated in one case and immunosuppression in the other. Definitive diagnosis requires tissue sampling, but the diagnostic accuracy of this procedure can be low, and the associated morbidity may be high, for example in biopsies of the central nervous system (CNS). Noninvasive anatomic imaging techniques, especially computed tomography (CT) and magnetic resonance imaging (MRI) are also frequently used in the workup of acute infection. Although many infections have a characteristic imaging appearance on CT and MRI, it is often impossible to distinguish bacterial infection from other disease entities. For example, active bone infection may look similar on MRI to radiation-induced necrosis, rheumatologic disease or age-related degeneration^[@CR1],\ [@CR2]^. Several molecular imaging methods have been applied to this problem, in particular ^111^In or ^99m^Tc white blood cell (WBC) scanning, in which the patient's own immune cells are radiolabeled and planar gamma camara imaging or single-photon emission computed tomography (SPECT) is performed^[@CR3]^. Recently, the workup of fever of unknown origin (FUO) has included full-body positron emission tomography (PET) using 2-\[^18^F\]-fluorodeoxyglucose (FDG), the most common radiotracer applied to oncologic imaging^[@CR4]^. Like cancer cells, activated immune cells are highly glycolytic, and thus may be detected using FDG-PET. However, lack of specificity is the major problem for both SPECT and PET approaches. Furthermore, these imaging techniques are dependent on host inflammatory responses to infection, which may be reduced or absent in immunosuppressed patients (e.g. chemotherapy, HIV/AIDS, organ transplant) who are most at risk for infection.

In order to overcome these barriers, there has been a long and sustained interest in developing specific probes that can be used to label bacteria *in vivo* during active infection^[@CR5]^. Many innovative strategies have been reported including radiolabeled antibodies^[@CR6]^, antimicrobial peptides^[@CR7]^, antibiotics^[@CR8]^, specific enzyme ligands^[@CR9]^, nucleic acids^[@CR10]^, metabolized compounds^[@CR11]^ and even bacteriophages^[@CR12]^. To date, no agent has been accepted into clinical practice for routine differentiation of infection from sterile inflammation.

Most bacteria produce and incorporate significant amounts of D-amino acids (DAAs), in particular D-Ala and D-Glu, which are used in peptidoglycan synthesis. Peptidoglycan is a strong and elastic polymer of the bacterial wall that maintains cell shape and anchors components of the cell envelope^[@CR13]^. Interestingly, DAA within peptidoglycan appear to protect the bacterial cell against peptidase and protease attacks and also serve important and specific roles in cell-cell signaling^[@CR14]^. Many antimicrobial agents (both synthetic and natural products) work by antagonizing the DAA synthesis, dimerization, and incorporation pathway, most notably beta-lactam antibiotics and other cell wall active agents like vancomycin and cycloserine^[@CR15]^. Remarkably, other DAA are incorporated into peptidoglycan via a mechanism that is independent of the normal biosynthetic pathway, inducing structural alterations^[@CR16]^. These DAAs include D-Met and D-Phe, which are readily incorporated into *Escherechia coli* muropeptides and likely serve important roles in cell signaling in addition to structural function^[@CR14]^. In particular D-Met has been shown to be released by a diverse array of stationary phase bacteria, which use it as a specific signal to alter the growth of neighboring cells. Importantly, D-Met released into the media is avidly taken up by bacteria and incorporated into peptidoglycan^[@CR14]^. D-amino acids have been shown to be powerful agents for *in vitro* labeling of peptidoglycan^[@CR17]^ and their incorporation is very rapid (\~30 sec in *E. coli*) and highly specific^[@CR18]^ prompting us to consider the possibility of using these compounds *in vivo* for diagnostic imaging (Fig. [1](#Fig1){ref-type="fig"}). Adapting methods previously described^[@CR19]^, we synthesized \[^11^C\] D-Met and applied it to the detection of both *E. coli* and *S. aureus* bacteria *in vivo*.Figure 1Incorporation of D-amino acids into peptidoglycan via racemase-dependent and racemase-independent pathways. The intracellular processing of D-alanine is contrasted with the perpiplasmic addition of D-methionine, which is "swapped" at the C-terminus of peptidoglycan, mediated by the transpeptidase domains of penicillin binding proteins (PBPs). D-Met may be incorporated into peptidoglycan muropeptides by exogenous administration or by physiologic production, with the latter associated with transition into the stationary phase and downregulation of peptidoglycan synthesis. The putative pathway of ^11^C retention following \[^11^C\] D-Met administration to infected animals is highlighted in red. GlcNAc = N-acetylglucosamine, MurNAc = N-acetyl- muramic acid, m-DAP = meso-diaminopimelic acid.

Results {#Sec2}
=======

\[^14^C\] D-Met is readily accumulated in both *E. coli* and *S. aureus* {#Sec3}
------------------------------------------------------------------------

An *in vitro* screen of \[^14^C\] D-amino acids was performed in small-volume *E. coli* and *S. aureus* cultures, to identify promising structures for ^11^C or ^18^F incorporation (Fig. [2A](#Fig2){ref-type="fig"}). *E. coli* and *S. aureus* were chosen as representative gram-negative and gram-positive bacteria; the pathogenic strains of these organisms are frequent culprits in human infection^[@CR20],\ [@CR21]^. Based on a prior report documenting rapid incorporation of DAAs into *E. coli* muropeptides *via* a racemase-independent pathway, \[^14^C\] D-Val, \[^14^C\] D-Phe and \[^14^C\] D-Met were studied^[@CR16]^. Incorporation of ^14^C was quantified by liquid scintillation counting. This study showed the highest percent cell associated activity for \[^14^C\] D-Met, which was identified as the best candidate for PET tracer development. Importantly, this screen also showed D-Met was readily incorporated by both *E. coli* and *S. aureus*. Of note, D-Ala and D-Glu were considered as potential cell-wall labeling agents, since they are both components of native peptidoglycan. However, pursuing PET versions of these molecules had significant drawbacks: significant *in vivo* defluorination for ^18^F versions of alanine^[@CR22],\ [@CR23]^, modest enantiomeric excess (48% ee; 74%-L, 26%-D) for reported \[^11^C\] L-Ala asymmetric synthesis^[@CR24]^, and lack of homology between reported ^18^F versions of glutamate and the native amino acid^[@CR25],\ [@CR26]^. The development of stable, high enantiomeric excess PET versions of these metabolites is an important goal for future studies.Figure 2*In vitro* accumulation of ^14^C D-amino acids in *E. coli* and *S. aureus*. (**A**) Panel of ^14^C amino acids studied for relative uptake. (**B**) Dedicated ^14^C D-Met study in *E. coli* and *S. aureus* including incubation with heat-killed organisms and in the presence of 1 mM unlabeled D-methionine.

The behavior of \[^14^C\] D-Met was further studied in competition (blocking) experiments, evaluated in heat-killed bacteria, and compared to that of \[^14^C\] L-Met. Heat-killed bacteria did not accumulate \[^14^C\] D-Met and the uptake of the radiotracer was effectively blocked by co-incubation with 1 mM concentrations of unlabeled D-Met in normal bacteria (Fig. [2B](#Fig2){ref-type="fig"}), confirming specificity to metabolically active organisms (p \< 0.05). Comparing bacterial uptake of \[^14^C\] D-Met and \[^14^C\] L-Met yielded discrepant results, depending on the media used. In F12 media (low amino-acid concentration), there was no significant difference between \[^14^C\] D-Met and \[^14^C\] L-Met accumulation (p \> 0.05) (Supp. Fig. [1A](#MOESM1){ref-type="media"} **)**. In contrast, marked selectivity for \[^14^C\] D-Met over \[^14^C\] L-Met was observed in lysogeny broth (LB) (p \< 0.05) (Supp. Fig. [1B](#MOESM1){ref-type="media"}). The reason for this difference is unknown and may be related to the lower amino acid content in F12 media. However, the D/L selectivity in LB observed *in vitro* was recapitulated by *in vivo* studies as discussed subsequently.

\[^11^C\] D-Met can be produced rapidly and efficiently via an automated radiosynthesis {#Sec4}
---------------------------------------------------------------------------------------

Several radiosyntheses of \[^11^C\] L-Met have been described, first by Langstrom *et al*. in 1997 using a Na/NH~3~ reduction of an S-benzyl protected homocysteine precursor^[@CR27]^. For our study, we chose the method most frequently applied to automated radiopharmaceutical preparation of \[^11^C\] L-Met for patient studies, namely \[^11^C\] CH~3~I methylation of an L-homocysteinethiolactone precursor^[@CR19]^. After synthesis of the corresponding D-homocysteinethiolactone, we first optimized this radiosynthesis for enhanced enantiomeric excess of \[^11^C\] D-Met via gas-phase produced \[^11^C\] CH~3~I on a GE FX/C Pro™. Base-catalyzed hydrolysis of D-homocysteinethiolactone is prone to racemization, as has been previously reported^[@CR28]^. As the central hypothesis of this study was *in vivo* differential identification of bacteria using the D enantiomer, we explored different hydrolysis conditions to optimize enantiomeric excess (%ee) of the final product (Supp. Fig. [2](#MOESM1){ref-type="media"} and Supp. Table [1](#MOESM1){ref-type="media"}). We found that a final concentration of 3.3 mM NaOH gave us the highest enantiomeric excess of \[^11^C\] D-Met. For our optimized protocol, gas-phase produced \[^11^C\] CH~3~I was reacted with the D-thiolactone precursor and NaOH in an acetone/H~2~O mixed solvent for 2 minutes at 100 °C, followed by quenching with AcOH. For subsequent studies using these conditions (n = 4), we isolated \[^11^C\] D-Met in 21 min (EOB) in a 20.3 ± 1.2% non-decay corrected (41.6% corrected) radiochemical yield with a specific activity of 4.5 ± 3.2 Ci/μmol and 92.6% ± 2.4% D-enantiomer (85% enantiomeric excess). For all \[^11^C\] D-Met *in vivo* studies reported chiral HPLC confirmed greater than 90% D-enantiomer (Fig. [3](#Fig3){ref-type="fig"}).Figure 3Radiosynthesis of \[^11^C\] D-Met from D-homocystinethiolactone precursor. (**A**) Synthetic scheme. (**B**) Chiral stationary-phase HPLC showing enhanced enantiomeric excess synthesis of \[^11^C\] D-Met.

\[^11^C\] D-Met PET can differentiate active bacterial infection from sterile inflammation *in vivo* {#Sec5}
----------------------------------------------------------------------------------------------------

Based on the promising results from our *in vitro* studies, we next investigated whether \[^11^C\] D-Met was a suitable imaging agent for differentiating bacterial infection from sterile inflammation *in vivo*, using a murine myositis model similar to that previously reported^[@CR11]^. Confirmations of the validity of this model included both repeating *in vivo* results using 2-\[^18^F\]-fluorodeoxysorbitol (FDS), and postmortem tissue homogenization and plating to confirm the presence of living bacteria. Mice were inoculated with live *E. coli* or *S. aureus* in the left deltoid muscle and a 10-fold higher burden of heat-killed bacteria in the contralateral deltoid (sterile inflammation). After the infection was allowed to progress for 12 hours, the mice were imaged by μPET-CT using a single time-point study similar to clinical protocols. \[^11^C\] D-Met rapidly and specifically accumulated in the infected region-of-interest (ROI), while no detectable accumulation above background was observed in the sterile, inflamed right deltoid (Fig. [4](#Fig4){ref-type="fig"}). Spherical ROIs were drawn to quantify the accumulation of D-Met in the infected deltoid, the contralateral sterile inflammation site, and normal muscle. When normal muscle ROI's were used to normalize the data, dramatic differences between infection and sterile inflammation were seen (Fig. [4B](#Fig4){ref-type="fig"}). Uncorrected data showed \[^11^C\] D-Met produced \>2-fold higher counts in the infected ROI as compared to the sterile inflammation site (Supp. Fig. [3](#MOESM1){ref-type="media"}), with representative maximum intensity projection (MIP) images shown in Supp. Fig. [4](#MOESM1){ref-type="media"}. In contrast, no significant difference was seen between infected versus sterile sites when using \[^11^C\] L-Met (Fig. [4C,D](#Fig4){ref-type="fig"}) (p \> 0.05). This ROI analysis was corroborated by biodistribution studies on animals following euthanasia (Fig. [5A](#Fig5){ref-type="fig"}).Figure 4*In vivo* studies using \[^11^C\] D-Met and \[^11^C\] L-Met a murine myositis model (n = 4 for each condition studied). In all cases the site of live bacterial inoculation is denoted by a red arrow, while the site of 10X heat-killed bacterial inoculation is denoted by a white arrow. (**A**) \[^11^C\] D-Met studies in *E. coli* and *S. aureus*-infected animals. Representative images show marked uptake in areas corresponding to live bacterial injection (left deltoid), in contrast to sterile inflammation (right deltoid) and normal muscle. ROI analysis of *E. Coli* and *S. aureus* \[^11^C\] D-Met cohorts, corrected using normal muscle uptake. (**B**) \[^11^C\] L-Met studies in *E. coli* and *S. aureus*. There is no observable difference in signals from the left (infected) and right (sterile inflammation) deltoid muscles. ROI analysis of *E. Coli* and *S. aureus* \[^11^C\] L-Met cohorts, showing no significant difference in accumulation between infection and sterile inflammation. Figure 5*Ex vivo* analysis of both infected and normal mice, obtained via tissue harvesting and gamma-counting. In all cases mice injected intravenously with \[^11^C\] D-Met were sacrificed at 70 minutes. (**A**) Analysis of harvested deltoid muscles, performed immediately following the imaging studies described in this manuscript. The deltoid muscles corresponding to inoculation with live bacteria were compared with the contralateral side (heat-killed). (**B**) The biodistribution of \[^11^C\] D-Met was also studied in a separate cohort of normal CBA/J female mice. The highest accumulation was observed in the kidneys and liver, similar to previously reported findings for \[^11^C\] L-Met^[@CR34]^.

Postmortem tissue histology (hematoxylin and eosin, Gram-stain) for both strains of bacteria in mice thighs verified the presence of inflammatory cells and bacteria in the infected thigh, and inflammatory cells without bacteria in the contralateral uninfected thigh. Representative data for *E. Coli* and *S. aureus* inoculations (n = 4 animals studied per organism) are shown in Supp. Fig. [5](#MOESM1){ref-type="media"} and Fig. [6](#Fig6){ref-type="fig"} respectively. We further demonstrated the presence of sterile inflammation in this model using FDG. Since Weinstein *et al*. previously applied FDG to murine *E. coli* infection^[@CR11]^, we studied a cohort of *S. aureus* infected mice (n = 4, Supp. Fig. [6](#MOESM1){ref-type="media"}). We demonstrated concordant results, namely that similar FDG uptake was seen in muscle inoculated with live and 10X heat-killed bacteria (p \> 0.05). Both showed increased tracer accumulation versus normal muscle by *ex vivo* analysis (dissection and gamma counting), p \< 0.05).Figure 6Representative histology for an *S. aureus* infected mouse sampled from deltoid muscle, using Gram-staining (left image) and hematoxylin & eosin (H&E, center and right image). In live inoculations, scattered inflammatory cells and intact bacteria are seen, best identified by Gram-staining and denoted by arrowheads. In heat-killed inoculations (right), several inflammatory cells are present on H&E staining without discernible bacteria. Images are representative of four animals.

Discussion {#Sec6}
==========

The imaging of infection using bacteria-specific metabolic pathways has tremendous clinical potential. A PET probe for bacterial infection would be most useful in the clinic if it could distinguish bacterial infection (all organisms) from common mimics. Thus, we sought to develop a PET probe that is accumulated by representative gram-negative and gram-positive pathogenic bacteria, to distinguish infection from other CT and MR mimics. Encouraging data are emerging from other groups investigating potentially broad-spectrum maltose and maltodextrin-derived tracers^[@CR29]--[@CR31]^, but to date no lead tracer has emerged with wide microorganism sensitivity, facile radiosynthesis, and good *in vivo* stability. Therefore, in this study we developed a D-amino acid derived PET probe that is accumulated by both *E. coli* and *S. aureus* infections, as a starting point for more detailed study of (1) microorganism sensitivity and (2) other D-amino acid derived scaffolds. This strategy has not been previously applied to *in vivo* imaging, despite the numerous antibiotics (for example vancomycin) targeting bacterial cell wall synthesis.

The findings of this study set the stage for additional D-amino acid derived PET tracers. Several studies have indicated that many unnatural D-amino acids are incorporated into bacterial peptidoglycan at a high rate, including work performed in the Bertozzi laboratory, showing the incorporation of R-propargylglycine into *E. coli* peptidoglycan^[@CR17]^. Recently, Pidgeon *et al*. demonstrated that transpeptidases catalyze the metabolic incorporation of exogenous D-amino acids onto bacterial cell surfaces with vast promiscuity for C-terminus variations^[@CR32]^. This tolerance for structural differences will facilitate incorporation of ^11^C, ^18^F, and other nuclei into related radiotracers. Eventually, the incorporation of a set of unique tracers could be used to differentiate bacteria and guide treatment decisions in settings where bacterial culture and sensitivity is not immediately available.

A limitation of infection imaging strategies is that human microbiomes contain huge numbers of non-pathogenic bacteria that colonize the internal and external surfaces of human bodies^[@CR33]^. The presence of these bacteria in our respiratory and gastrointestinal tracts may limit detection of pathogenic bacteria in these locations. Furthermore, some tracers including \[^11^C\] D-Met have significant background uptake in normal organs, most notably the kidney and liver (Fig. [5B](#Fig5){ref-type="fig"}). Fortunately, several of the most challenging infections from a diagnostic standpoint occur in normally sterile environments, for example within the nervous, biliary and musculoskeletal systems. The workup of these conditions might benefit greatly from \[^11^C\] D-Met, particularly in conjunction with multi-modality imaging (PET-CT and PET-MR).

Methods {#Sec7}
=======

\[^14^C\] D-amino acid uptake studies in *E. coli* and *S. aureus* {#Sec8}
------------------------------------------------------------------

*E. coli* strain ATCC 25922 and *S. aureus* strain ATCC 12600 were used for all *in vitro* and *in vivo* studies. The *in vitro* studies evaluating both *E. coli* and *S. aureu*s for relative \[^14^C\] substrate accumulation were prepared identically. Each condition reported was a measure of four replicates containing 20 million bacteria. Bacteria were inoculated in LB broth and grown overnight to OD~600~ = 1.0. The bacteria were then pelleted by centrifugation at 13.2 rpm for 60 seconds. The supernatant was removed, and the pellet was resuspended in 1 mL of F12 media or LB broth. For blocking experiments, four replicates were prepared in the same manner with 20 million bacteria, 100uL of 10 mM D-Met, and 1 mL of F12 or LB broth. The vials were incubated with 0.1 µCi of \[^14^C\] D-amino acid (Moravek Inc.) at 37 °C for 2 hours. The bacterial suspensions were removed from the incubator and centrifuged at 13.2 rpm for 60 seconds. The supernatant was removed, and 1 mL of ice-cold phosphate-buffered saline (PBS) was added to the samples and vortexed gently for 3 seconds. The suspension was centrifuged at 13.2 rpm for 60 seconds, the supernatant was removed, and the wash cycle was repeated one additional time. Upon removal of the supernatant, 500 μL 1 M NaOH was added to the bacterial pellets. Each pellet was vortexed for 3 seconds and incubated at 37 °C for 5 minutes. A 400 μL aliquot was transferred to a scintillation vial and diluted with 3 mL of MP Biomedicals Ecolyte liquid scintillation cocktail. Samples were counted on a Beckman LS 6500 scintillation counter.

Radiochemical synthesis of \[^11^C\] D-Met {#Sec9}
------------------------------------------

\[^11^C\] CO~2~ was produced in target by the ^14^N(p, α)^11^C nuclear reaction of 17 MeV protons on N~2~ in the UCSF radiopharmaceutical facility. \[^11^C\] CO~2~ was converted to \[^11^C\] CH~3~I using the gas-phase method on a GE FX/C Pro automated synthesis module. \[^11^C\] CH~3~I (g) was transferred from a Porapak N into a glass reactor vial, previously charged with 500 µL of acetone, while maintaining the reactor vial temperature at 0 °C during the transfer. After 3 minutes, 0.2 mg of D-homocysteine thiolactone hydrochloride, dissolved in 100 µL of 20 mM NaOH (aq), were transferred to the reactor vial. The reactor vial was sealed and heated at 100 °C for 2 min. The reactor vial was cooled to 40 °C and acetone is evaporated over the course of 3 minutes. The aqueous reactor vial solution was neutralized with 320 µL of 10 mM acetic acid (previously loaded in V2) and the contents of the reactor vial are transferred through a C18 Sep-Pak® Plus and collected in a vial for use. Enantiomeric excess of the final product was analyzed using a Phenomenex Chirex-33126 D-penicillamine HPLC column (4.6 × 250 mm) with a mobile phase of 30:70 methanol:1 mM copper sulfate at a flow rate of 1 mL/min. Retention times of \[^11^C\] L-Met and \[^11^C\] D-Met were 16.4 and 18.2 minutes, respectively.

Murine Myositis Model {#Sec10}
---------------------

All animal procedures were approved by the UCSF Institutional Animal Care and Use Committee. Veterinary services for the study were provided by the UCSF Laboratory Animal Resource Center (LARC) and all studies were performed in accordance with UCSF guidelines regarding animal housing, pain management, and euthanasia. All mice used were CBA/J females (Jackson Laboratory) aged between 8--10 weeks. Single colonies of *E. coli* or *S. aureus* were placed in LB broth shaking cultures at 37 °C overnight prior to inoculations. Cultures were incubated until they reached OD~600~ of 1.0. 1 mL portions of the culture were heat killed by incubating at 90 °C for 30 minutes. The heat-killed bacteria were then spun down and resuspended in 100 μL of LB broth. Mice were placed under isoflurane anesthesia on a warming pad. Approximately 8 hours before imaging, 100 μL of live bacterial culture and 100 μl of 10X concentrated heat-killed bacteria were injected with tuberculin syringes into the right and left shoulder musculature, respectively. Mice were then removed from anesthesia and allowed to recover and intermittently monitored prior to imaging.

PET imaging {#Sec11}
-----------

Under isoflurane anesthesia, a tail vein catheter was placed. For methionine studies, approximately 1 mCi of \[^11^C\] D-Met or \[^11^C\] L-Met were injected via the tail vein catheter. The animals were placed on a heating pad to minimize shivering. Mice were allowed to recover, micturate, and at 45 minutes post-injection, placed back under isoflurance anesthesia. At 1 hour post-injection, the animals were transferred to a Siemens Inveon micro PET-CT system (Siemens, Erlangen, Germany), and imaged using a single static 10 min acquisition (60--70 minutes post-injection), followed by micro-CT scan for attenuation correction and anatomical co-registration. Studies using FDG were performed using a similar protocol; 200 μCi of FDG were injected via tail vain catheter and the animals imaged using a static 15 minute acquisition (45--60 minutes post-injection). No adverse events were observed during or after injection of any compound. Anesthesia was maintained during imaging using isofluorane. Upon completion of imaging, mice were sacrificed and biodistribution analysis performed using either harvested deltoid muscle (infected mice) or normal organs (wild-type mice). Gamma counting of harvested tissues (n = 4 per organ or tissue) was performed using a Hidex Automatic Gamma Counter (Turku, Finland).

Data analysis and statistical considerations {#Sec12}
--------------------------------------------

All PET data were viewed using open source Amide software (amide.sourceforge.net). Quantification of uptake was performed by drawing regions of interest over indicated organs on the CT portion of the exam, and expressed as percent injected dose per gram. All statistical analysis was performed using Microsoft Excel. Four data sets were acquired for all *in vitro* and *in vivo* studies (n = 4 in all cases). Data were analyzed using an unpaired two-tailed Student's t-test. All graphs are depicted with error bars corresponding to the standard error of the mean. Other data including specific activity, radiochemical yield, and % D-enantiomer are also reported as mean ± standard error.

Histopathology {#Sec13}
--------------

Muscle tissues inoculated with heat-killed or live bacteria were fixed overnight in 4% paraformaldehyde before being sequentially dehydrated and embedded in paraffin. Paraffin embedded tissues were sectioned on a microtome at 4 µm and stained with hematoxylin and eosin or Gram stain.
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